Abstract -The electronic structure of the interface between a-A1203(0001) and Nb layers has been calculated using the empirical tight-binding method and the slab model. It has been shown that a direct chemical bond of both covalent and ionic characters can be established at the interface between the surface 0 atoms of a-A1203 and the Nb atoms, which is consistent with the recent experiment. General trends of the electronic structure and chemical bond at the interfaces between a-A1203(0001) and a series of 4d transition metals have been examined. It has been observed that the occupancy in the portion of the antibonding peaks of the local density of states at the interface increases as the atomic number of the transition metal increases.
I. INTRODUCTION
The joining of ceramics and metals is an essential technique in order to realize the practical use of ceramics. It is of much importance to understand the microscopic mechanism of bonding between ceramics and metals. Recently, ~g h l e and co-workers /l/ have obtained HREM images of the interfaces between a-A1203 and Nb where direct bonding is formed without any reaction layers, and several attempts have been made in order to develop new methods to bond metals to ceramics directly by surface activation /2/. It is of much importance to elucidate the microscopic nature of bonding at the abrupt interfaces in these systems. For this purpose, it is essential to study the electronic structure of the interfaces. Several theoretical approaches to the interfaces between A1203 and metals have been made /3,4,5/. Johnson and Pepper /3/ have applied the self-consistent Xg method to ~1 0~~-cluster with a metal atom placed on the surface and they found that a chemical bond is established between the metal dorbitals and the non-bonding p-orbitals of the surface 0. However, in the cluster calculations, only a small number of atoms are included, and a semi-infinite extension of an interface or solids is excluded. These effects can be taken into account in a bandtheoretical approach.
In this paper, we have carried out a band-theoretical approach to the interfaces between a-A1203(OOOl) surface and transition metals. Because of the relatively low symmetry of the crystal structure of 0-A1203 and the lattice mismatch between Q-A1203(0001) plane and transition metals, it is difficult to deal with the interface between the two solids directly. Thus, we have constructed model structures of a-A1203(0001) slab with transition metal layers deposited on both surfaces and calculated the electronic structures of these models. We have used the empirical tight-binding method coupled with the universal parameters proposed by Harrison and co-workers /6,7/. We have investigated the interface between a-A1203 and Nb, and the interfaces between a-A1203 and a series of 4d transition metals have been examined.
METHOD OF CALCULATIONS
One s and three p orbitals of each A1 and 0 atoms and one s and five d orbitals of each transition metal atom are included in the orthogonalised basis set.
The interatomic Hamiltonian matrix elements are expressed in terms of two-center integrals between atomic orbitals. The magnitude and the distance dependence of the two-center integrals are derived from Harrison's universal tight-binding theory /6/ as shown in Table I We have calculated the electronic structure of the deal (0001) surface of a-A1203 using the slab model /10/. The slab contains six 0 layers and 12 A1 layers as shown in Fig. 2(a) . The unit cell repeats two-dimensionally. A1 atoms form the topmost surface layers. The calculated electronic structure is shown in Figs. 2(b) and 2(c). The most significant effect of the ideal (0001) surface is the appearance of the surface band within the gap. This band consists of s and pz dangling bonds of the surface A1 atoms. Other effects are observed in the local density of states of the surface 0 atoms. The peak at -14.leV corresponding to the non-bonding p level is much higher than that of the bulk 0 atoms. This effect is caused by the deficiency of neighboring A1 atoms around the surface 0 atoms. A new peak occurs at -21.5eV. This peak reflects the strengthened back bonds between the surface 0 atoms and the A1 atoms in the next layers. The present results qualitatively agree with the results calculated using the extended ~ickel method /10/.
(a) (b) (C) ENERGY (eV) ENERGY (eV) surface and Nb, firstly, we have calculated the electronic structure of the model shown in Fig. 3(a) . We call this structure model A. Each Nb atom is deposited at the center of the triangles of surface 0 atoms and each distance between a Nb atom and an 0 atom is assumed to be equal to the sum of Slater's atomic radii /12/. About the atomic arrangement of the C1-A1203(0001) surface shown in Fig. 2(a) , it can be said that the surface A1 atoms are deposited at the center of the triangles of surface 0 atoms. Metal atoms can be considered to be deposited on remaining similar sites initially. It is possible that this type of interface structure exists in spite of the lattice mismatch because metals are relatively easy to be deformed as observed by HREM /l/.
The calculated electronic structure of the present model is shown in Fig. 3(b) .
In the local density of states of the surface 0 atoms, the peak at -14.leV corresponding to the non-bonding p leveldisappears and a newpeak appearsat -16.2eV. Also in the local densities of states of Nb atoms, small peaks appear in the same region in the upper valence band. These results indicate that covalent bonding states are formed mainly between the Nb d-orbitals and the nonbonding p-orbitals of the surface 0 atoms. The peaks at -6.0ev, -4.9eV and -3.3eV in the local densities of states at the interface can be considered to correspond to the antibonding levels between the surface 0 atoms and the Nb atoms, and the peaks at -6.5eV and -8.0eV are considered to be caused by the interactions among the Nb atoms. It should be noted that the Fermi-level is located below the antibonding peaks. In addition to the formation of the bonding and antibonding levels, the charge transfer from the Nb atoms to the surface 0 atoms also occurs. Therefore, it is clear that a direct chemical bond of both covalent and ionic characters is established between the surface 0 atoms and the deposited Nb atoms. 
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We have calculated the electronic structure of another model shown in Fig. 4(a) . We call this structure model B. Additional Nb atoms are located instead of the surface A1 atoms in model A. As shown in Fig. 4(b) , similar results have been obtained. In the local densities of states at the interface, there exist the peaks corresponding to the bonding levels mainly between the d-orbitals of the Nb atoms and the p-orbitals of the surface 0 atoms in the range of the upper valence band. The peak at -6.0eV is considered to be the non-bonding d-levels. The Fermi-level is located at this peak. Of course, the charge transfer from the Nb atoms to the surface 0 atoms also occurs.
Recently, Ohuchi has carried out XPS and UPS measurements of successive Nb deposition onto a a-A1203(0001) substrate . He has found by XPS that the Nb atoms are donating electrons to the surface 0 atoms of a-A1203, and found by UPS that the peak at the top of the valence band in the density of states of 0-Al2O3 consisting of the 0 2p-orbitals is shifted lower by the deposition of Nb at low coverages. These results agree well with our theoretical results.
ENERGY (eV)
ENERGY ( In order to examine the general trends of the chemical bond and electronic structure of the interfaces between CL-A1203 and transition metals, we have performed sitnilar calculations of the interfaces between CL-A1203 and a series of 4d transition metals. In each system, the structure of model B is dealt with for simplicity. Figure 5 shows the electronic structures at the interfaces between Q-Al2O3(00O1) plane and Zr, MO, Ru and Pd. Nb is located between Zr and MO in the periodic table. In every system, similar characteristics to those observed in the case of Nb can be seen. The primary interaction at the metal-A1203 interface occurs mainly between the metal d-orbitals and the non-bonding p-orbitals of the surface 0 atoms. The peak corresponding to the non-bonding p level of the surface 0 atoms disappears and the new peaks corresponding to the bonding levels and the antibonding levels appear. In addition to these covalent bonding effects, there also exists the charge transfer from metal atoms to the surface 0 atoms.
The folLowing variation from Zr to Pd are found. As the atomic number of the transition metal increases, firstly, the position of d-bands becomes lower and nearer to the 0 2p level. And the width of d-bands becomes narrower. Secondly, the degree of hybridisation between the metal d-orbitals and the p-orbitals of the surface 0 atoms becomes larger. Thirdly, the larger portion of the local density of states is occupied. For example, in the systems of Zr and Nb shown in Figs. 5(a) and 4(b), the Fermi-level is located at the non-bonding d-levels. However, in the case of Pd shown in Fig. 5(d) , the Fermi-level is located above the peaks corresponding to the antibonding levels. This increase of the occupancy of the antibonding levels should reduce the net energy gain in the bond formation as pointed out by Johnson and Pepper in the cluster calculation / 3 / .
IV. CONCLUSION
We have performed a band-theoretical approach to the interfaces between a-A1203 and Nb and other 4d transition metals using the empirical tight-binding method. It has been shown that the electronic structures of a-A1203 and of the ideal (0001) surface of a-A1203 can be reproduced qualitatively by the present theoretical scheme. By using the models of the CL-A1203(OOOl) slab with Nb layers deposited on both sides, it has been shown that a direct chemical bond of both covalent and ionic characters can be established between the surface 0 atoms and deposited Nb atoms. This result is consistent with the recent photoelectron spectroscopy study. In calculations of the interfaces between CL-A1203 and a series 4d transition metals, similar characteristics to those in the case of Nb have been found. As the atomic number of the transition metal increases, the occupancy in the portion of the antibonding peaks in the local densities of states at the interface increases. This effect seems to decrease the energy galn in the bond formation as well as the effect of the charge transfer.
